The flexibility or stiffness, one mechanical property of cells, is a promising label-free biomarker for underlying cytoskeletal or nuclear changes associated with various disease processes and changes in cell state. However, the molecular changes responsible for the whole-cell mechanical stiffness remain to be clarified. Recently, it was shown that the deterministic lateral displacement (DLD) microfluidic device, originally developed for size fractionation of some particles, might be applied to distinguish cells according to their stiffness. In this experiment, using the DLD device and various cell lines differentially expressing histone H1, a positively-charged protein localized in the linker region of chromatin, we found linear relationships between histone H1 quantity and cell stiffness. We also found that the histone H1 quantity affected cell size and even cell differentiation.
In this experiment, we fabricated a similar DLD device and compared the cell stiffness among cell lines that showed different histone H1 expressions. We also examined the contribution of histone H1 to cell size and cell differentiation. 7 Cruz Biotechnology), respectively. The AE-4 antibody cross-reacts with core histone H3 (17) . The signal of histone H3 or actin was used as the loading control. Images were collected with LAS-3000 Imager and analyzed with Image Gauge software (GE Healthcare Lifesciences).
Microfluidic DLD device
Detail of the fabrication of DLD device was shown in Supplemental Materials and Methods. The DLD post array dimensions were determined by preliminary experiments (Fig. 1a ). Cells were suspended in the buffer solution (RPMI-1640 supplemented with 12.5 mM HEPES and 0.5% chicken serum) and the concentration adjusted to 3.0 × 10 5 cells/mL. Solutions were injected into the micro-channel by syringe pumps. A dispersed cell solution was poured into the sample inlet, and buffer solution was poured into the buffer inlet. The ratio of cell to buffer was 1:25. The sample solution was surrounded by buffer solution, and a thin stream-line which entered the micro-posts array zone was formed. In this study, four configurations of different fluid velocities were tested: Slow, Normal, Fast 1, and Fast 2 of 50, 100, 300, and 600 µL/min, respectively ( Fig. 1b ).
Separation behavior was recorded with a FASTCAM SA3 high-speed camera (Photron, Tokyo, Japan), and the cell number and the length displaced from the position of the inlet nozzle (lateral displacement length, LDL) were determined. The average LDL was calculated using the following equation in each flow condition.
Results

Microfluidic device to separate cells by cell stiffness
We fabricated a DLD device and compared cell stiffness between histone H1-sufficient and -deficient cell lines. The device was composed of three parts: inlet, separation, and collection ( Fig. 1a ). In the separation part, a periodic array of micro-posts, shifted slightly along the fluid stream, was fabricated. The dimensions of the post array -gap (g), diameter (d), and shift (s) -were determined in each experiment. Four configurations of flow rates of buffer and sample are shown in Fig. 1b . In the microfluidic channel, laminar flow without turbulence was expected (10, 22). Small particles follow the fluid stream-line and travel in a "zig-zag mode", while large particles bump on the posts, travel across the fluid stream-line, and flow at a slight angle along the post array in a "bump mode" (Fig. 1c ). In DLD theory, the critical separation diameter can be estimated assuming a rigid sphere (12), but shear stress is applied to particles by non-uniform fluid velocity or contact friction on the micro-posts. Flexible particles are deformed in the flowing condition and behave as smaller particles (Fig. 1d ).
Therefore, it is assumed that cell rigidity can be determined from the separation behavior. We took video images of cells flowing out of the separation zone and counted cells exited from each lateral displaced portion ( Fig. 1a, right) . The average lateral displacement length (LDL) calculated from the cell number and the length displaced from the position of the inlet nozzle is the parameter of deformation or stiffness of cells in each flow speed (Supplemental Fig. S1 and S2).
Loss of histone H1 reduced cell stiffness in DT40 cells
We compared DT40 and ΔH1 cells, where the latter cells had all histone H1 genes deleted from the DT40 genome. First, we confirmed the loss of histone H1 in ΔH1 by western blot analysis ( Fig. 2a ), and also determined cell size by flow cytometry (Fig.   2b ). As expected, ΔH1 cells were slightly larger than DT40 cells, because Hashimoto et al. showed that ΔH1 had more expanded nuclei than DT40 (8), suggesting that the loss of histone H1 increased cell size. Then, we ran DT40 or ΔH1 cells in the microfluidic device ( Fig. 2c ) under four flow speed conditions: Slow, Normal, Fast 1, and Fast 2 ( Fig.   1b ). We counted cells exited from different displaced sites and determined the average LDL (Supplemental Fig. S1 ). If DT40 and ΔH1 had the same cell stiffness, ΔH1 would be displaced more than DT40, because ΔH1 is larger than DT40 ( Fig. 2b ). However, our results revealed greater displacement length in DT40 than ΔH1 cells at each flow speed ( Fig. 2d ), suggesting that ΔH1 was more flexible than DT40. This result indicated that the loss of histone H1 decreased cell stiffness.
Increased histone H1 augmented cell stiffness and chromatin condensation in U937 cells
To confirm the above results, we initially intended to express one of the chicken histone H1 genes in ΔH1. However, in the process of generating ΔH1, seven antibiotic genes were already introduced (8, 26) and we could not establish another stable transformant.
Consequently, we focused on the human histiocytic leukemia cell line U937, because it was reported to have a lower histone H1 quantity (11, 15) . The homology of histone H1
proteins is high and their functions are conserved beyond species (23). Thus, we introduced a chicken histone H1 expression vector and generated two stable clones:
UHZ-1 and UHZ-3. The histone H1 expression was determined by western blot analysis ( Fig. 3a ). Exogenous chicken histone H1 that was slightly smaller than endogenous human H1 was detected in both UHZ-1 and UHZ-3. Flow cytometry showed that UHZ-1 and UHZ-3 had similar cell size and were smaller than U937 ( Fig. 3b ),
suggesting that UHZ-1 and UHZ-3 became more compact with histone H1 overexpression. Then, we flowed UHZ-1 and UHZ-3 through the microfluidic device ( Fig. 3c ) and found that both lines behaved similarly and tended to be more laterally displaced than U937 ( Fig. 3d and Supplemental Fig. S2 ). Notably, UHZ-1 and UHZ-3, despite being smaller than U937 cells, had significantly longer displacement length than U937 at the Fast 1 flow speed, suggesting that they were stiffer than U937. Thus, histone H1 quantity might be linearly correlated with cell compactness and stiffness.
Previously, using DT40 and ΔH1, we showed that histone H1 quantity determined the efficiency of chromatin condensation in both apoptotic and live cells (16) , and then we aimed to confirm this finding using U937 and UHZ-1 cells. First, we induced apoptosis by ultraviolet irradiation and found more chromatin condensation in UHZ-1 than U937
(Supplemental Fig. S3a ). Next, we compared the DNase accessibility to isolated nuclei.
We incubated isolated nuclei from U937 or UHZ-1 with one of three endonucleases:
micrococcal nuclease (MNase), DNase I, and DNase γ (also named DNase IL3). We found reduced chromatin degradation of UHZ-1 nuclei compared to U937, and longer DNA fragments were detected (Supplemental Fig. S3b ). These results suggested that cells containing more histone H1 had more condensed chromatin, similar to the previous results using DT40 and ΔΗ1 cells.
Histone H1 quantity affects U937 differentiation
Cell line U937 can be induced to differentiate to a macrophage-like cell (5, 18) . Thus, we wanted to know how overexpression of histone H1 could affect the differentiation of U937. We induced differentiation of U937, UHZ-1, and UHZ-3 to macrophage-like cells using PMA, and cell growth was significantly inhibited in UHZ-1 and UHZ-3 ( Fig.   4a ). To confirm this finding, we also examined the expression of cell cycle regulator p21, a cyclin-dependent kinase inhibitor capable of inhibiting all cyclin/cyclin-dependent kinase complexes (6) . As expected, expression of p21 was significantly higher in UHZ-1 and UHZ-3 than U937 (Fig. 4b ). Differentiation of U937 was determined by flow cytometry after staining a cell surface marker of macrophage CD11b ( Fig. 4c ) (5) . There was higher expression of CD11b and more differentiation to macrophage-like cells in UHZ-1 and UHZ-3 than U937 ( Fig. 4d ). Thus, histone H1 quantity affected U937 differentiation.
Discussion
Cell stiffness, one mechanical property of cells, is a promising label-free biomarker for underlying cytoskeletal or nuclear changes associated with various disease processes and changes in cell state (3). For example, increased cell flexibility has been identified in pluripotent stem cells (20) . Mouse and human embryonic stem (ES) cells and their nuclei were found to be more flexible than those of their differentiated progeny, suggesting flexibility may be a viable biomarker for pluripotency (1, 20) . Furthermore, cell flexibility of metastatic and malignant cancer cells increased compared to benign cells of the same origin (24, 25). Interestingly, it was also reported that chemotherapy The molecular changes responsible for whole-cell mechanical stiffness remains to be clarified, although nuclear architecture, epigenetic state, and tighter chromatin packing are all suggested to affect cell stiffness (3, 20) . In the process of differentiation, cells gain regions of condensed heterochromatin, which decreases cell flexibility and induces cell stiffness. However, global chromatin decondensation is required to maintain pluripotency and citrullination of linker histone H1 and its displacement from chromatin by peptidyl arginine deiminase type IV (PADI4) is essential for this process (2) . Histone H1 is a heterochromatin protein and maintains chromatin condensation (13, 16, 27).
Thus, it is reasonable to expect that histone H1 regulates cell stiffness. In this report, we showed that histone H1-deficient ΔH1 cells were larger and more flexible than the parental cell line DT40, confirming that histone H1 contributed to cell size and stiffness.
Using U937 and its stable transformants overexpressing histone H1, we also showed that the change in histone H1 quantity affected cell size and flexibility, and even cell differentiation.
Higher eukaryotes contain multiple duplicated histone H1 genes. Both human and mouse have 11 histone H1 variant genes and chicken has six per haploid genome (7, 14).
Each variant protein has high homology, e.g., percentage identity of human H1.4 to human H1.1 or to chicken H1R is comparable -with 72.50% and 69.58%, respectively -suggesting that its function is conserved beyond species (23).
In this report, we used a DLD device to determine cell stiffness. Several devices and techniques have been developed to measure mechanical properties of cells, e.g., atomic force microscopy, micropipette aspiration, cell transit analyzer, and optical stretching (3). However, these approaches have disadvantages in that they are low throughput (<1 cell/min), measure only a part of cell, and sometimes require skilled manual operation.
In contrast, the DLD device has advantages of high throughput and determining whole-cell mechanical property. Thus, the DLD device used in this experiment was suitable for comparing cell stiffness of DT40 vs ΔH1, or U937 vs UHZ-1 and UHZ-3.
However, there some problems to overcome in the current DLD device: (1) it requires preliminary experiments to determine post array dimensions, (2) mixing a sample solution is required, and (3) occlusion sometimes occurs. Despite these problems, we expect that DLD devices will be useful and next generation DLD devices are expected.
As mentioned above, several systems or devices to detect cell flexibility or stiffness have been developed (3). One problem of these systems is the lack of good standard cell lines for evaluation. Given that ΔΗ1 cells were generated from DT40 cells using an ordinary gene knock-out approach (8), we expect that DT40 and ΔΗ1 cells are useful as potential standard cell lines.
In this report, we showed that linker histone H1, a chromatin condensation factor, determined cell size and stiffness, and also cell differentiation. The physiological significance of histone H1 will be clarified further in future. We also hope that cell stiffness will be accepted as a standard biomarker of cell state and applied in clinical fields. 
